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Abstract
We calculate the spectrum of gravitational waves originated from strongly first order electroweak
phase transition in the extended Higgs model with a real singlet field. In order to calculate the
bubble nucleation rate, we perform a two-field analysis to evaluate bounce solutions connecting
the true and the false vacua using the one-loop effective potential at finite temperatures. Imposing
the Sakharov condition of the departure from thermal equilibrium for baryogenesis, we survey
allowed regions of parameters of the model. We then investigate the gravitational waves produced
at electroweak bubble collisions in the early Universe, such as the sound wave, the bubble wall
collision and the plasma turbulence. We find that the strength at the peak frequency can be
large enough to be detected at future space-based gravitational interferometers such as eLISA,
DECIGO and BBO. Predicted deviations in the various Higgs boson couplings are also evaluated
at the zero temperature, and are shown to be large enough too. Therefore, in this model strongly
first order electroweak phase transition can be tested by the combination of the precision study
of various Higgs boson couplings at LHC, the measurement of the triple Higgs boson coupling at
future lepton colliders and the shape of the spectrum of gravitational wave detectable at future
gravitational interferometers.
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By the discovery of a Higgs boson [1, 2] and the dedicated measurements of its property
at LHC, the mass generation mechanism for elementary particles in the standard model
(SM) has been established. One of the next important targets of high energy physics is
to explore the structure of the Higgs sector, dynamics of electroweak symmetry breaking
(EWSB), and the nature of the Higgs boson (h).
In addition, the mechanism of electroweak phase transition (EWPT) is still a mystery,
that is strongly related not only to the physics behind EWSB but also to various cosmologi-
cal problems such as baryon asymmetry of the Universe and cosmic inflation. In particular,
the strongly first order phase transition (1stOPT) is crucial for a successful scenario of elec-
troweak baryogenesis (EWBG) [3]. With another requirement of additional CP violating
phase, the EWBG scenario can be realized by introducing an extended Higgs sector. There-
fore, in this scenario, the physics of EWBG can be in principle tested by exploring the Higgs
sector.
It has been well known that the 1stOPT is realized by the non-decoupling thermal loop
effects on the finite temperature effective potential and/or by the field mixing of the Higgs
boson with additional scalar fields [4–25]. These effects also affect the effective potential at
the zero temperature, so that they normally deviate the triple Higgs boson coupling (the
hhh coupling) typically by larger than 10% [6, 10–12, 16, 17, 24–26]. It may be challenging
for the (high luminosity) LHC to achieve this level of accuracy. However, the plan of the
International Linear Collider (ILC) [27] includes the determination of the hhh coupling with
10% accuracy by upgrading the center-of-mass energy to
√
s = 1 TeV [28–30]. The Compact
LInear Collider (CLIC) [31] also aims to reach the similar accuracy. The Future Circular
Collider of electrons and positrons (FCC-ee) [32] will not address the precision measurement
of the hhh coupling as its center-of-mass energy is insufficient. The possibility of testing
the hhh coupling at future hadron colliders with
√
s = 100 TeV is also considered [33].
Therefore, the scenario of EWBG can be tested by precision measurements of the hhh
coupling at future collider experiments. In a class of models where the 1stOPT is caused
by the field mixing, resulting predicted values for the Higgs boson couplings such as those
with weak gauge bosons and with fermions can also be deviated significantly because of the
field mixing. Therefore, this class of models for EWBG is expected to be tested by the data
from LHC not only those at future linear colliders.
On the other hand, it has also been known that strongly 1stOPT at the early Universe is
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a discriminative origin of gravitational waves (GWs) [24, 25, 34–38]. Recently, the GWs has
been directly detected at the Advanced LIGO experiment which has an astronomical ori-
gin [39]. By this discovery, measurements of GWs with various frequencies will be accelerated
in the near future including KAGRA [40], Advanced LIGO [41] and Advanced VIRGO [42],
by which new field of GW astronomy will be extensively developed. Furthermore, future
space based GW interferometers such as eLISA [43], DECIGO [44] and BBO [45] provide
us an opportunity of measuring GWs with a wider range of frequencies, which can cover
GWs from the first order EWPT. Therefore, by precisely measuring the spectrum of GWs,
we can test the physics of EWPT and further the scenario of EWBG.
In this Letter, we calculate the spectrum of GWs originated from strongly first order
EWPT in a concrete renormalizable model, the extended Higgs model with a real singlet
field. In order to calculate the bubble nucleation rate, we perform a two-field analysis to
evaluate bounce solutions connecting the true and the false vacua using the one-loop effec-
tive potential at finite temperatures. We survey allowed regions of parameters of the model
imposing the Sakharov condition of the departure from thermal equilibrium for baryogene-
sis [46]. We then investigate the GWs produced at electroweak bubble collisions in the early
Universe, such as the sound wave, the bubble wall collision and the plasma turbulence. We
find that in this model strongly first order EWPT can be well tested by the combination
of the precision study of various Higgs boson couplings at LHC, the measurement of the
hhh coupling at future lepton colliders and the spectrum of GWs detectable at eLISA and
DECIGO.
Let us begin with a brief review of the Higgs singlet model (HSM), which is one of the
simplest extensions of the SM [9, 10, 18, 47–51]. The Higgs sector of the HSM is equipped
with a real isospin scalar singlet S in addition to the Higgs doublet Φ. The general tree-level
Higgs potential allowed by gauge invariance and renormalizability is given by
V0 = −µ2Φ|Φ|2 + λΦ|Φ|4 + µΦS|Φ|2S +
λΦS
2
|Φ|2S2 + µ3SS +
m2S
2
S2 +
µ′S
3
S3 +
λS
4
S4, (1)
with eight parameters µ2Φ, m
2
S, λΦ, λS, λΦS, µΦS, µ
′
S and µ
3
S.
1 After the condensation of the
1 One of the mass parameters can be removed by the field redefinition of the singlet field without loss of
generality [48, 49].
3
two Higgs fields, they are expanded around the vacuum expectation values vΦ and vS as
Φ =

 G+
1√
2
(vΦ + φ1 + iG
0)

 , S = vS + φ2. (2)
There appear two physical degrees of freedom φ1 and φ2 that mix with each other in addition
to Nambu-Goldstone (NG) modes G± and G0 that are absorbed by the W - and Z-bosons.
In the following, we analyze the phase structure of this HSM in the classical field space
spanned by
〈Φ〉 =

 0
1√
2
ϕΦ

 , 〈S〉 = ϕS. (3)
Radiative corrections modify the shape of the Higgs potential from the tree-level form.
At zero temperature, the effective potential up to the one-loop level is [52]
Veff,T=0(ϕΦ, ϕS) = V0(ϕΦ, ϕS) +
∑
i
ni
M4i (ϕΦ, ϕS)
64π2
(
ln
M2i (ϕΦ, ϕS)
Q2
− ci
)
, (4)
where Q is the renormalization scale, which is set at vΦ in our analysis. Here, ni and
Mi(ϕΦ, ϕS) denote the degrees of the freedom and the field-dependent masses for particles
i, respectively. We take the MS scheme, where the numerical constants ci are set at 3/2
(5/6) for scalars and fermions (gauge bosons). We impose the tadpole conditions using
the one-loop level effective potential as
〈
∂Veff,T=0/∂ϕi
〉
= 0, with i = Φ or S. Here, the
angle bracket 〈· · · 〉 represents the field-dependent quantity evaluated at our true vacuum
(ϕΦ, ϕS) = (vΦ, vS). The mass squared matrix of the real scalar bosons in the (φ1, φ2) basis
is diagonalized as
m2ij =
〈
∂2Veff,T=0
∂ϕi∂ϕj
〉
=

cos θ − sin θ
sin θ cos θ



m2h 0
0 m2H



 cos θ sin θ
− sin θ cos θ

 , (5)
leading to one-loop improved mass eigenvalues of the Higgs bosons mh and mH , and mixing
angle θ (mh < mH , −π/4 ≤ θ ≤ π/4). The lighter boson h is identified with the discovered
Higgs boson with the mass 125GeV in this Letter, and the alternative case where H is the
discovered one will be examined elsewhere. From the above equations, we use vΦ, vS, mh,
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mH and θ as the input parameters instead of µ
2
Φ, m
2
S, λΦ, µΦS and µ
′
S.
Due to finite temperature effects, the effective potential is modified to [53]
Veff,T [M
2
i (ϕΦ, ϕS)] = Veff,T=0(ϕΦ, ϕS) +
∑
i
ni
T 4
2π2
IB,F
(
M2i (ϕΦ, ϕS)
T 2
)
, (6)
where
IB,F (a
2) =
∫ ∞
0
dx x2 ln
(
1∓ exp−
√
x2+a2
)
, (7)
for boson and fermions, respectively. In order to take ring-diagram contributions into ac-
count, we replace the field-dependent masses in the effective potential as [54]
M2i (ϕΦ, ϕS)→M2i (ϕΦ, ϕS, T ) =M2i (ϕΦ, ϕS) + Πi(T ), (8)
where Πi(T ) stand for the finite temperature contributions to the self energies. We consider
loop contributions from the fields i = h,G±, G0, H,W±T,L, ZT,L, γT,L, t and b. As for the scalar
sector particles, the thermally corrected field-dependent masses are given by [47]
M2h,H(ϕΦ, ϕS, T ) =
1
2
(
M211 +M
2
22 ∓
√
(M211 −M222)2 + 4M212M221
)
, (9)
M2G0,G±(ϕΦ, ϕS, T ) =− µ2Φ + λΦϕ2Φ + µΦSϕS +
λΦS
2
ϕ2S
+
T 2
48
(9g2 + 3g′2 + 12(y2t + y
2
b ) + 24λΦ + 2λΦS), (10)
where

M211 M212
M221 M
2
22

 =

−µ2Φ + 3λΦϕ2Φ + µΦSϕS + λΦS2 ϕ2S µΦSϕΦ + λΦSϕΦϕS
µΦSϕΦ + λΦSϕΦϕS m
2
S + 2µ
′
SϕS + 3λSϕ
2
S +
λ
ΦS
2
ϕ2Φ


+
T 2
48

9g2 + 3g′2 + 12(y2t + y2b ) + 24λΦ + 2λΦS 0
0 12λS + 8λΦS

 . (11)
Here, g and g′ (yt and yb) represent the SU(2), U(1) gauge coupling constants (the top
and bottom Yukawa coupling constants). For the thermal corrections to the field-dependent
masses of the EW gauge bosons, see, for example, Ref. [25]. On the other hand, fermion
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counterparts do not receive such thermal corrections.
Before analyzing the phase structure utilizing the finite temperature effective potential,
let us briefly summarize important theoretical and experimental constraints on the HSM. In
order to retain perturbative unitarity, the absolute values of eigenvalues of S-wave scattering
amplitudes for the weak gauge bosons and scalars should be smaller than 1/2 [55]. This
constraint is converted to the inequality m2h cos
2 θ+m2H sin
2 θ ≤ 4π√2/(3GF ) ≃ (700 GeV)2.
Since mh has been measured, an upper bound on the mixing angle θ is obtained as a function
of mH . In order for the Higgs potential to be bounded from below, the vacuum stability
condition has to be satisfied at a scale µ [18]:
λΦ(µ) > 0, λS(µ) > 0, 4λΦ(µ)λS(µ) > λ
2
ΦS(µ). (12)
It should be also noticed that in general the Higgs potential has several local minima. In
order to prevent our EW phase from decaying into another one, the EW phase needs to be
the global minimum of the Higgs potential as [49]
Veff,T=0(EW phase) < Veff,T=0(other phases). (13)
Although the couplings in the Higgs potential remain perturbative at the EW scale, they
become strong at higher energy scales due to renormalization group flow. In this Letter,
the Landau pole Λ is defined as the scale where any of the Higgs couplings is as strong as
|λΦ,S,ΦS(Λ)| = 4π [51]. For the HSM with strongly 1stOPT, the Landau pole ranges typically
from a few TeV to around 10 TeV depending on parameter choices [18]. The introduction
of the scalar singlet S also affects the self-energies of the W - and Z-bosons. For the details
of the computations of the oblique parameters, see Ref. [56]. Given the observed value
of the Higgs boson mass mh ≃ 125 GeV, the Higgs boson mixing angle is constrained as
cos θ & 0.92 for mH & 400 GeV [57].
The presence of the scalar singlet gives rise to deviations in the couplings of the discovered
Higgs boson from their SM values. The dominant contributions to the deviations are induced
by the mixing between the two Higgs bosons. Therefore, the predicted Higgs boson couplings
to the gauge boson V = W±, Z and fermions F normalized by the corresponding SM ones
are universal as κ = κV = κF = cos θ. The most stringent bounds are extracted from
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the measurements of the Higgs boson decay into weak gauge bosons at the LHC Run-I
as κZ = 1.03
+0.11
−0.11, κW = 0.91
+0.10
−0.10 [58]. The high-luminosity stage of the LHC can reach
the precision of 2% [59]. The precision of the Higgs boson coupling measurements will be
significantly improved once electron-positron colliders are realized. In the case of the ILC
with
√
s = 500 GeV, the expected accuracy can be 0.37% (0.51%) for κZ (κW ) [30].
The value of the hhh coupling λhhh is considerably altered by the new singlet scalar.
Here, for simplicity, we adopt the effective potential approach in computing λhhh.
2 In this
approximation, the SM prediction is obtained as
λSMhhh =
3m2h
vΦ

1 + 9m2h
32π2v2Φ
+
∑
i=W±,Z,t,b
ni
m4i
12π2m2hv
2
Φ

 ≃ 176GeV, (14)
while the HSM counterpart is symbolically expressed as 3
λHSMhhh = c
3
θ
〈
∂3Veff,T=0
∂ϕ3Φ
〉
+ c2θsθ
〈
∂3Veff,T=0
∂ϕ2Φ∂ϕS
〉
+ cθs
2
θ
〈
∂3Veff,T=0
∂ϕΦ∂ϕ2S
〉
+ s3θ
〈
∂3Veff,T=0
∂ϕ3S
〉
, (15)
where cθ = cos θ and sθ = sin θ. In discussing the deviation in the hhh coupling, we
exclusively utilize the following normalized quantity:
∆λhhh =
λHSMhhh − λSMhhh
λSMhhh
. (16)
So far, the LHC has set no meaningful constraint on the hhh coupling. In the future, at the
high luminosity LHC with L = 3000 fb−1 the production cross section of the double Higgs
production process can be measured with 54% [62]. Once realized, the ILC is capable of
measuring the hhh coupling with considerable accuracy. The ILC stage with
√
s = 500 GeV
and L = 4000 fb−1, the expected precision is 27% [30]. At the ILC with the higher energy
of
√
s = 1 TeV, the precision will be ameliorated to 16% (10%) for L = 2000 fb−1 (L =
5000 fb−1) [30].
Let us consider the EWPT in the HSM. In order for baryogenesis to work, the departure
from thermal equilibrium must be realized. In EWBG scenarios, the baryon number chang-
2 Dependence of the hhh coupling on the external momentum is discussed in Refs. [60, 61].
3 In our analysis at zero temperature, we disregard the minor loop contributions from the NG modes in
order to avoid complexity.
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ing sphaleron process must decouple quickly after the EWSB: the sphaleron interaction rate
Γsph(T ) is smaller than the Hubble expansion rate H(T ). This criterion is satisfied if the
EWSB is of strongly first order
ϕc
Tc
> ζsph(Tc), (17)
where ϕc is the VEV for the true vacuum at the critical temperature Tc. The value of ζsph(Tc)
is typically around unity, and it is estimated as ζsph(Tc) = 1.1− 1.2 for the HSM [18].
Let us turn our discussion to GWs originated from the first order EWPT in the HSM.
First, we introduce two important quantities α and β that describe the dynamics of vacuum
bubbles [35]. First, we define the transition temperature such that the bubble nucleation
probability per Hubble volume per Hubble time reaches the unity, Γ/H4|T=T
t
= 1. The
parameter α is the ratio of the released energy density ǫ to the radiation energy density
ρrad = (π
2/30)g∗T
4 at the transition temperature Tt:
α ≡ ǫ(Tt)
ρrad(Tt)
. (18)
In our analysis, for simplicity, we neglect the temperature dependence of the relativistic
degrees of freedom, and fix it at g∗ = 107.65. The parameter β is the inverse of the time
variation scale of the bubble nucleation rate Γ(t) = Γ0 exp(βt). It is a standard to use the
normalized dimensionless parameter β˜, which is defined as
β˜ ≡ β
Ht
= Tt
d
dT
(
S3(T )
T
) ∣∣∣∣∣
T=Tt
, (19)
where S3(T ) is the three dimensional Euclidean action for the bounce configuration of the
classical field that connects the true and the false vacua at T . Once Tt, α and β are
computed, one can estimate the spectrum of the stochastic GWs using the approximate
analytic formula provided in Ref. [37].
We are now at the stage of discussing the testability of the HSM by utilizing the inter-
play of measurements of Higgs boson couplings at future colliders and of GWs at future
space-based interferometers. In the light of the constraints on the HSM discussed above, we
perform numerical analysis in computing the Higgs boson couplings and bubble dynamics
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TABLE I: The benchmark point and scanned range for the HSM parameters.
vΦ [GeV] vS [GeV] mh [GeV] µΦS [GeV] µ
′
S [GeV] µS [GeV] mH [GeV] θ [degrees]
246.2 90 125.5 −80 −30 0 [160, 240] [−45, 0]
parameters. The characteristic feature of the HSM (without Z2 symmetry) is that the poten-
tial barrier between the true and the false vacua necessary for 1stOPT can be formed mainly
by tree-level interactions, in sharp contrast to the two Higgs doublet models or Z2 symmet-
ric HSM, where non-decoupling loop effects are necessitated for 1stOPT. As an example
scenario where strongly 1stOPT is accomplished due to large doublet-singlet Higgs mixing
parameters µΦS and λΦS, we consider the benchmark point shown in Table I
4. In evaluating
Tt, α and β˜, we implement the HSM into the public code CosmoTransitions [63], which
computes quantities related to the cosmological phase transition in the multi-field space.
Predicted GW spectra are estimated using the approximate analytic formula developed in
[37, 64].
In Fig. 1, we present the predicted values of α and β with the variation of (mH , −θ). in
the HSM for the benchmark point in Table I. The black curves show the predicted values
of α and β for mH = 180 GeV, 200 GeV, 220 GeV and 240 GeV from the left. The
upper bound on β˜ is set by the condition ϕc/Tc = 1. Since S3(T )/T is a concave function
of T , not only positive but also negative values of β˜ may be derived from the criterion
Γ/H4|T=Tt = 1 due to a naive numerical analysis [34, 38]. In this Letter, we just remove
such cases from our plot because our conclusion is not affected. The lower end of each black
curve is drawn by this procedure. The shaded regions represent the expected coverage at the
future space-based interferometers, eLISA [37, 65, 66] and DECIGO [44]. The sensitivity
regions of four eLISA detector configurations described in Table I in Ref. [37] are denoted by
“C1”, “C2”, “C3” and “C4”. The expected sensitivities for the future DECIGO stages are
labeled by “Correlation”, “1 cluster” and “Pre” following Ref. [44]. Although the transition
temperature Tt depends on the HSM parameters, we take Tt = 50 GeV for the purpose of
illustration. The experimental sensitivities are also dependent on the velocity of the bubble
wall vb, which is uncertain. As a reference, we take vb = 0.95 so that strong GW signals are
expected 5. If we take smaller values of vb such as 0.2, which the EWBG scenario prefers, the
4 For the purpose of straightforward comparison, we take the same benchmark point as Case (ii) in Ref. [18].
5 In Ref. [67], EWBG is not necessarily impossible even in this case.
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FIG. 1: The predicted values of α and β˜ with the variation of (mH , −θ) in the HSM for the bench-
mark point in Table I. The expected sensitivities of eLISA and DECIGO detector configurations
are set by using the sound wave contribution for Tt = 50 GeV and vb = 0.95.
sensitivity area is pushed down to lower β˜ and larger α regions. For vb < 1, the contribution
from the sound waves is the dominant source of the total GW spectrum while those from
the bubble wall collision and the turbulence are not significant [68]. This plot demonstrates
that eLISA or DECIGO is capable of detecting stochastic GWs from the sound wave source
in the most of the HSM parameter region with 1stOPT.
In Fig. 2, the detectability of GWs and the contours of the deviation in the triple Higgs
boson coupling ∆λhhh in the HSM are shown in the mH -κ plane. The projected region of
a higher sensitive detector design is overlaid with that of weaker one. The region which
satisfies both ϕc/Tc > 1 and Tc > 0 is also shown for a reference. This plot highlights the
importance of the synergy between the precision measurements of the Higgs boson couplings
10
FIG. 2: The detectability of GWs and the contours of the deviations in the hhh coupling ∆λhhh
in the mH -κ plane. The projected region of a higher sensitive detector design is overlaid with that
of weaker one. The region which satisfies both ϕc/Tc > 1 and Tc > 0 is also shown for a reference.
The input parameters and legends are same as in Fig. 1
at future colliders and the observation of stochastic GWs at future GW interferometers. As
deviations in the Higgs boson couplings from the SM values are larger, the strength of
1stOPT and that of GW signals are more significant. For example, once κ is found to be
smaller than 0.95 by LHC experiments, then the hhh coupling should be greater than 20%.
Such a deviation in the hhh coupling can be measured at the ILC with
√
s = 1 TeV [30].
In addition, we learn from Fig. 2 that the scenario can also be well tested at DECIGO and
eLISA. The combined measurements make it possible to identify the shape of the Higgs
potential of the HSM.
In this Letter, we have evaluated the spectrum of GWs that are generated from the
strongly 1stOPT of the EWSB in the HSM. Based on the finite temperature one-loop
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effective potential with the two scalar fields, the profile of the vacuum bubble and the
transition temperature for the tunneling from the false vacuum to the true one have been
analyzed. In view of EWBG, the parameter space allowed by the condition of the departure
from thermal equilibrium has been explored. We have investigated the GW signals from
the sound waves, the bubble wall collision and the turbulence resulting from the bubble
collisions. We have pointed out that the predicted peak GW amplitude from the sound
wave contribution is so strong as to be detected at future space-based interferometers such
as eLISA, DECIGO and BBO. Deviations in the Higgs boson couplings have been also
evaluated, and found to be measurable at future colliders. Therefore, we conclude that
the strongly 1stOPT of EWSB in the HSM can be verified by combining the precision
measurements of various Higgs boson couplings at the LHC and the hhh coupling at future
electron-positron colliders with those of stochastic GW background at future space-based
interferometers.
Note Added: During the completion of the manuscript, we became aware of an analogous
calculation done independently by another group [69].
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